The rotational spectrum of the CO-para-H 2 van der Waals complex, produced using a molecular jet expansion, was observed with two different techniques: OROTRON intracavity millimeter-wave spectroscopy and pulsed Fourier transform microwave spectroscopy. Thirteen transitions in the frequency range from 80 to 130 GHz and two transitions in the 14 GHz region were measured and assigned, allowing for a precise determination of the corresponding energy level positions of CO-para-H 2 . The data obtained enable further radio astronomical searches for this molecular complex and provide a sensitive test of the currently best available intermolecular potential energy surface for the CO-H 2 system.
INTRODUCTION
Considerable interest in spectroscopic studies of the CO-H 2 van der Waals (vdW) complex has been stimulated by its astrophysical significance. As dihydrogen, H 2 , is by far the most abundant molecule in the universe, followed by carbon monoxide, CO, the intermolecular forces between these two species are of fundamental interest. High-resolution spectroscopic measurements of the CO-H 2 complex can provide valuable information about both transition frequencies for a reliable search by means of radiotelescopes (Allen et al. 1997 ) and the intermolecular potential of the complex, which is a prerequisite for understanding collision processes in interstellar molecular clouds (Green & Thaddeus 1976) .
There have been several attempts to detect complexes containing CO and H 2 molecules in the interstellar medium (ISM). The detection of the H 2 dimer, (H 2 ) 2 , in the atmosphere of Jupiter has been reported by McKellar (1988) , while searches for the CO dimer, (CO) 2 (Vanden Bout et al. 1979) , and for the CO-para-H 2 complex (Allen et al. 1997) in galactic molecular clouds were not successful thus far. There is still an open debate about the feasibility of observing such weakly bound species because their formation rates at the very low densities in interstellar molecular clouds (below 10 7 cm −3 ) are low because of the small probability of three-body collisions. On the other hand, the large timescale on which these processes occur in interstellar space makes radiative association, which is usually a slow process, quite feasible. The relation between radiative association and three-body association rates has been discussed repeatedly (see, e.g., Klemperer & Vaida 2006) .
Laboratory data on precisely measured transition frequencies of vdW complexes of astrophysical interest, especially in the microwave (MW) and millimeter-wave (MMW) ranges are prerequisite for further searches and their possible detection in the ISM. The lack of precise data might result in some confusion. For example, the recent extensive MMW studies of the CO dimer (Surin et al. 2007 ) have shown that the only reported radio astronomical search of this complex in the past (Vanden Bout et al. 1979) was based on frequencies which cannot be unambiguously attributed to the CO dimer, (CO) 2 . In the particular case of the CO-para-H 2 complex, the interstellar search (Allen et al. 1997 ) was outside the correct line position of the most promising R(0) line, as later identified by the first MMW study of CO-para-H 2 (Pak et al. 1999) .
In the present paper we report the spectroscopic study of pure rotational transitions of CO-para-H 2 , significantly increasing the number of lines with precisely known frequencies (50 kHz and better). These measurements allowed us to determine the positions of many energy levels of CO-para-H 2 in the ground vibrational state with "MW accuracy." This is especially important because the energy level positions cannot be obtained directly from the previous infrared (IR) spectra of CO-para-H 2 (McKellar 1991 (McKellar , 1998 , since the rotation-vibration transitions combine the levels in the ground and excited vibrational states of opposite parity. Further, the level energies determined in this work are compared with those from the most recent potential energy surfaces of Jankowski & Szalewicz (1998 , 2005 . These surfaces have been used for calculations of state-to-state cross sections and rate coefficients for CO-H 2 collisions (Mengel et al. 2000; Yang et al. 2006) , which are crucial input parameters for numerical astrophysical models. Our results provide a large amount of very precise data, which can be used to check the quality of the existing intermolecular potential energy surfaces or to construct empirical ones.
EXPERIMENTAL DETAILS
Two instruments, an OROTRON intracavity MMW spectrometer and a pulsed Fourier transform microwave (FTMW) spectrometer, were used for observation of the rotational spectrum of CO-para-H 2 , produced in a molecular jet expansion. Both FTMW and OROTRON spectrometers use a resonant cavity as a sample cell, thereby providing extremely high sensitivity which is crucial for the detection of such very weakly bound species. The principle of FTMW spectroscopy is based on the excitation of a molecular ensemble with a pulse of coherent radiation and the subsequent detection of the molecular emission signal (Schmalz & Flygare 1978) . The OROTRON spectrometer measures direct absorption and is based on an intracavity operation principle (Dumesh & Surin 1996) .
OROTRON Experiment
The spectra of CO-para-H 2 in the frequency range from 80 to 130 GHz were measured using the OROTRON spectrometer. Details of the spectrometer have been described elsewhere (Surin et al. 2001) . In brief, the MMW generator OROTRON and a supersonic jet apparatus are installed into a vacuum chamber. The molecular beam is produced by a pulsed solenoid valve with an opening diameter of 1.0 mm and a pulse duration of 500 μs, operating at a repetition rate of 5-10 Hz. The molecular beam is injected into the OROTRON cavity perpendicularly to the cavity axis. The high Q-factor of the cavity results in ≈100 effective passes of the radiation through the jet. The absorption of radiation in the cavity causes a change of collector current, which is used for sensitive detection.
To increase the sensitivity, the frequency of the OROTRON was modulated at 25 kHz. The collector signal was demodulated by a digital lock-in amplifier operated in second derivative mode with a time constant of 160 μs. The output of the lock-in amplifier was then processed by a boxcar integrator with a time constant of 1 s. For frequency determination, a small part of the radiation was coupled out of the cavity and compared to some higher harmonics of a MW synthesizer. The measured width of the lines is caused by the Doppler broadening in the supersonic jet and by the frequency modulation of the OROTRON. For most of the measurements, the full linewidth at half-height is about 500 kHz and the accuracy of the line center positions is about 50 kHz.
At room temperature, 25% of hydrogen molecules are in the para form and 75% in the ortho form. In order to assign transitions to either the CO-para-H 2 or CO-ortho-H 2 spin modifications and to increase the strength of the CO-para-H 2 lines, a catalytic ortho-to-para hydrogen converter was used to enhance the para-H 2 fraction in the sample. The converter consists of a steel tube fitted with hermetically sealed in-and out-let ports to enable a constant hydrogen flow, and is filled with a paramagnetic salt as a catalyst. The device is inserted in a transport dewar with liquid helium and cooled to about 30 K. The temperature can be regulated by adjusting how far the converter is located from the surface of liquid helium and by additional heating. We estimate that para-H 2 gas with a purity level of greater than 95% reaches the exit of the converter at a constant flow rate of 10 −4 mol s −1 . Figure 1 shows a comparison of the (J, j CO , l) = (1 1 1) ← (1 0 1) transition of CO-para-H 2 measured using enriched and normal hydrogen gas.
A gas mixture consisting of 2%-5% CO in normal H 2 or enriched para-H 2 at backing pressures of about 4-5 bar was used for the production of the CO-H 2 complexes. In addition to CO-H 2 lines, transitions of the CO dimer were also observed in the spectrum but they could be easily distinguished from CO-H 2 lines based on our previous MMW survey (Surin et al. 2007 ).
FTMW Experiment
The lines of CO-para-H 2 at 14 GHz were measured with an FTMW spectrometer, the details of which are available elsewhere (Schmalz & Flygare 1978; Xu & Jäger 1997) . The sample gas is pulsed through a pinhole nozzle and injected into an evacuated Fabry-Perot resonator. It is polarized with a π/2 MW pulse, and the subsequent coherent emission signal is recorded and then Fourier transformed to give the frequency domain spectrum. The CO-para-H 2 spectra were averaged over 100,000 cycles at a repetition rate of 1 Hz. A Doppler pair is observed for each transition since the molecular beam travels parallel to the resonator axis. The full width at half-height for each line is 15 kHz, and the uncertainty in the line positions is estimated to be ∼1 kHz. The sample consisted of about 1% CO and 10% enriched para-H 2 in 3-6 bar of helium. The enriched para-H 2 was prepared by liquefying normal H 2 at <20 K in the presence of a paramagnetic salt for about 1 hr.
THE ENERGY LEVEL SCHEME FOR CO-PARA-H 2
As was shown in previous studies (McKellar 1991 (McKellar , 1998 , it is useful to consider the CO-H 2 complex in terms of almost free internal rotation of its subunits. The level energies for the complex in the free rotation limit will be the sum of the individual CO and H 2 monomer rotational energies and the end-over-end rotational energy of the complex. The energy levels are labeled by quantum numbers j CO , j H2 , l, and J, where j CO and j H2 refer to the rotation of the CO and H 2 subunits, respectively, l refers to the end-over-end rotation of the complex, and J corresponds to the total angular momentum, J = j CO + j H2 + l.
The existence of two equivalent H atoms and nearly free rotation of H 2 within the CO-H 2 complex results in two distinct groups of energy levels corresponding to two different spin modifications: CO-para-H 2 , with total nuclear spin of H 2 , I = 0, and CO-ortho-H 2 , with I = 1. For symmetry reasons, the states with j H2 = 0, 2, 4 . . . are associated with para-H 2 and states with j H2 = 1, 3, 5, . . . correspond to ortho-H 2 . Transitions between these two modifications are forbidden in general, and the allowed transitions obey selection rules Δj CO = 0, ±1, and Δj H2 = 0. In the molecular beam environment, only the lowest states, i.e., j H2 = 0 for para-H 2 and j H2 = 1 for ortho-H 2 are significantly populated.
Each (j CO , j H2 ) state forms the foundation for a number of stacks of end-over-end rotational levels. Since free H 2 with j H2 = 0 is spherical, the spectrum of CO-para-H 2 somewhat resembles those of the CO-rare gas complexes, in particular the He-CO complex, which has been studied in detail in the infrared, MW, and MMW regions (McKellar et al. 1999; Surin et al. 2000b) . By analogy, the energy levels of CO-para-H 2 can be labeled by quantum numbers J, j (= j CO ), and l as shown in the energy level diagram in Figure 2 . 1
Figure 2. Energy level diagram for CO-para-H 2 . The energy levels are labeled by quantum numbers J, j CO , and l where j CO refers to the rotation of the CO subunit, l refers to the end-over-end rotation of complex, and J to the total angular momentum. Alternative labeling by values of K, which corresponds to the projection of total angular momentum J onto the intermolecular axis, is also given. Newly measured transitions are indicated by solid arrows; previously measured transitions (Pak et al. 1999 ) are indicated by dashed arrows. The inset shows the approximate geometrical structure of the CO-H 2 complex.
The different stacks of levels in Figure 2 can also be labeled by values of K, which corresponds to the projection of total angular momentum J onto the intermolecular axis, a more conventional label appropriate for a semirigid molecule. The lowest stack with K = 0 represents the ground state of CO-para-H 2 , a pair of stacks with K = 1 corresponds to the rotation of the CO unit about the intermolecular axis which approximately coincides with the inertial a-axis, and one stack with K = 0 has the nature of a CO bending vibration. The labels e and f indicate the parity of the J levels within a given stack. The parity of an even-J level is "+" for stacks labeled by e and "−" for f, while the parity of an odd-J level is "−" for e and "+" for stacks labeled by f.
The strongest pure rotational transitions are those with a b-type character (ΔK = ±1), rather than a-type (ΔK = 0). This is a result of the T-shape of the dimer, in which the CO dipole moment lies approximately parallel to the b-axis (see the inset in Figure 2 ). Three previously measured transitions of CO-para-H 2 (Pak et al. 1999) 
RESULTS AND DISCUSSION
The search for rotational transitions of the CO-para-H 2 complex was based on the data from an earlier IR study (McKellar 1998) Figure 2 . The total number of newly detected lines is 15. These measurements significantly extend the previous results (Pak et al. 1999) , where only three K = 1 -0 R-branch transitions were observed. The assignment of the observed transitions to CO-para-H 2 was based on close coincidence of the measured frequencies with those predicted from the IR data (McKellar 1998). The use of highly enriched samples of para-H 2 was very useful to distinguish lines belonging to the CO-para-H 2 spin modification, which were located very close to CO-ortho-H 2 lines in a few cases.
The measured frequencies and their deviations from the predictions based on the IR data (McKellar 1998) are listed in Table 1. Most of the differences are in the order of a few MHz, with the largest being 17.9 MHz for the (J, j, l) = (1 1 0) ← (0 0 0) transition (see Table 1 ). Such reasonably good coincidence with the IR prediction could initially not be expected because of the fundamental problems in determining the CO-para-H 2 energy levels, as mentioned earlier. In the IR work (McKellar 1998), it was not possible to accurately determine the relative positions of energy levels with positive and negative parity since the vibrational transitions connect states with positive (negative) parity in the ground state with those with negative (positive) parity in the excited state. McKellar determined the relative positions of "+" and "−" levels, and thus predicted MW and MMW transition frequencies, by requiring that the differences between corresponding energy levels in the CO ground and excited states be a smooth function of J (McKellar 1998) . The data in Table 1 indicate that this approach yielded transition frequencies with "IR accuracy." However, from the astrophysical point of view information about the line positions with accuracy of a few kHz is desired.
The newly measured transitions were combined with three previously observed MMW lines (Pak et al. 1999 ) to construct 
Notes.
For comparison, differences between transitions frequencies predicted from the IR data (McKellar 1998) and measured values are given in the third column. a Measured by Pak et al. (1999) .
the energy level scheme of CO-para-H 2 with the aid of a least-squares term value program. A number of energy levels, namely levels in the K = 0 (e) stack with J up to 4, in the K = 1 (e) stack up to J = 5, and in the K = 1 (f) stack up to J = 4, were derived directly from the measured transition frequencies forming closed loops (see Figure 2) . The obtained energy values are presented in Table 2 . From these values it is possible to determine the frequencies of other, still not measured transitions. For example, the frequency of the (1 0 1) ← (0 0 0) transition from the lowest energy level (the most populated at low temperatures) can be predicted very precisely to be 31607.990 ± 0.05 MHz. The energies of CO-para-H 2 levels not involved in closed loops were determined by including the available IR data (McKellar 1998) in the analysis. In the fitting procedure, the frequencies of the IR, MMW, and MW transitions were given weights of 1, 300, 15,000, according to the corresponding measurement accuracies. The resulting level energies are given in Table 2 relative to the (J, j, l) = (0 0 0) level. Further, the determined energy level positions can be compared with those derived from the most recent potential energy surfaces of CO-H 2 , referred to as V 98 (Jankowski & Szalewicz 1998) and V 04 (Jankowski & Szalewicz 2005) , respectively. The V 98 surface was obtained treating the CO and H 2 molecules as rigid and using symmetry-adapted perturbation theory (SAPT) with high-level electron correlation effects. The V 04 surface was obtained by averaging over the intramolecular vibration of H 2 using the coupled-cluster method with single, double, and noniterative triple excitations (CCSD(T)) and the supermolecular approach. The superior quality of the V 04 potential was already established before (Jankowski & Szalewicz 2005) , essentially on the basis of the IR measurements (McKellar 1998) . The largest discrepancy in energy level positions was found to be smaller than 0.1 cm −1 for V 04 surface compared to nearly 1 cm −1 for the previous V 98 surface. Our analysis of the IR data in Table 1 indicates that those "experimental" energy lev- Note. For comparison, differences and percentage differences between level energies calculated from the last available potential (Jankowski & Szalewicz 2005) and the experimental values are given in the third and fourth columns, respectively. els really reflect "IR accuracy." Table 2 shows the differences between our experimental values and those calculated from the most advanced V 04 surface. The percentage differences in Table 2 indicate that the V 04 potential is of rather high quality. The differences are well below 1% for all levels, except the (J, j, l) = (0 1 1) and (1 1 2) levels. However, a tuning of the V 04 potential to the precise experimental data reported here for CO-para-H 2 and obtained earlier for the isotopic modification CO-ortho-D 2 (McKellar 2000; Surin et al. 2000a; Potapov et al. 2009a ) could be useful for further improvement of the intermolecular potential energy surface for CO-H 2 . It is reasonable to compare the obtained energy level positions of CO-para-H 2 with those of the CO-He complex (McKellar et al. 1999; Surin et al. 2000b; Potapov et al. 2009b) , which is also of astrophysical significance (Green & Thaddeus 1976) . The binding energy of CO-H 2 is about 22 cm −1 (McKellar 1998) as compared to 7 cm −1 for CO-He (McKellar et al. 1999) . CO-H 2 has therefore a much higher number of bound states, even with j CO = 2 and 3, in contrast to CO-He with only a few bound states. Nevertheless, both complexes may be discussed in the limits of a rigid model and the free rotor model considered in Section 3. In a rigidly T-shaped CO rare gas (or spherical para-H 2 ) complex, the separation between the K = 0 and 1 stacks of levels, i.e., the energy of the (J, j, l) = (1 1 0) level, would be 1.92 cm −1 (the CO monomer B value), whereas in the case of free internal rotation of CO, the separation would be 2B, or 3.84 cm −1 . Analyses of the measured spectra give values of 3.99 cm −1 for CO-He (McKellar et al. 1999 ) and 3.62 cm −1 for CO-para-H 2 , indicating an almost unhindered out-of-plane rotation (K = 1) of the CO unit. The in-plane rotation (K = 0, v b,CO = 1) of the CO monomer in the CO rare gas complexes is normally rather hindered by the angular anisotropy of the interaction potential. With increasing anisotropy it becomes an intermolecular bending vibration and approaches the semi-rigid rotor limit. In the limit of free in-plane rotation, the energy of the lowest (J, j, l) = (0 1 1) level of the K = 0 (v b,CO = 1) stack is equal to the energy of the (1 1 1) and (2 1 1) levels (identical j and l) of the K = 1 stack. The corresponding experimental values are 7.08, 4.09, and 5.01 cm −1 for CO-para-H 2 , and 5.39, 4.27, and 4.73 cm −1 for CO-He (McKellar et al. 1999) . The slightly higher energy of the in-plane rotation (or bending vibration) of CO in CO-para-H 2 compared to CO-He is a result of a greater angular anisotropy in the interaction potential of CO-para-H 2 .
Evidently, CO-H 2 is a more complicated system than COHe and exhibits more complex spectra revealing also internal motion of the H 2 unit. However, since the interaction potential is nearly isotropic with regard to H 2 rotation, the present results contain essentially no information about the orientation of the H 2 unit. Such information can be obtained from the spectra of CO-ortho-H 2 . Although the infrared spectrum of CO-ortho-H 2 was recorded (McKellar 1998) and MW and MMW spectra are currently under investigation in our laboratories, a complete assignment has not been achieved yet, because of the more complicated structure of these spectra compared to the COpara-H 2 system. The assistance of theoretical calculations will certainly help to better understand the CO-ortho-H 2 spectra.
CONCLUSIONS
Fifteen new transitions of the CO-para-H 2 vdW complex were measured and assigned with an intracavity jet spectrometer OROTRON in the frequency range of 80-130 GHz and with a pulsed-jet cavity FTMW spectrometer in the 14 GHz region, thus giving reliable data for radio astronomical searches for the CO-H 2 molecular complex in the ISM. The measurements extend significantly the previous data set of only three MMW transitions and allow us to determine a large number of energy levels of CO-para-H 2 with an accuracy of 50 kHz. Comparison with results from available ab initio calculations points to the need for improvement of the intermolecular potential energy surface for CO-H 2 . Even if the number densities of weakly bound complexes in space are too low for spectroscopic identification, the CO-H 2 spectrum is still of astrophysical significance as it enables an accurate determination of the potential energy surface, which, in turn, provides information about the collisional processes between hydrogen and carbon monoxide molecules.
